The power conversion efficiency (PCE) of poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl C61-butyric acid methyl ester (PC61BM) based organic solar cells (OSCs) is significantly improved by using benzyl acetate (BA), an organic compound without any halogen or sulphur atom, as a processing additive to control the blend morphology. The solar cells show PCE of 3.85% with a fill factor (FF) of 65.22%, which are higher than those of the common thermal annealing device (PCE 3.30%, FF 60.83%). The overall increased PCE depends upon the enhanced crystallinity of P3HT and good carriers transport, with a high balanced charge carrier mobility.
As world demand for energy continues to rise, new energy resources should be seen as an increasingly important part of the solution. Solar cells have been recognized as one of the most important energy conversion devices, which can directly deliver electricity from sun light endlessly. Bulk heterojunction (BHJ) organic solar cells have been intensively explored in recent years due to their potential in the low-cost manufacturing of plastic solar modules featuring lightweight, ultrathin, flexible, rollable and bendable shapes. [1−8] The power conversion efficiency (PCE) of single junction organic solar cells is now over 9.2%. [9, 10] However, there are many factors limiting the PCE of BHJ solar cells, such as the film morphology, carrier transport layer, electrode and interface modification. [11−14] To improve and facilitate the exciton/charge separation and transport, the active layer morphology has been controlled by numerous methods, such as post-production annealing, [14, 15] solvent annealing, [16−18] composition adjustment [19] and the introduction of processing additives [20−23] to give optimal bicontinuous interpenetrating networks of the active layer in BHJ-OSCs.
OSCs processing additives have attracted much attention due to the fact that an additional fabrication step such as annealing is not required. Since the first report on additive to improve the device performance via adding guest n-octylthiol to the host solvent, [24] plenty of studies have been conducted to obtain a further understanding of the influence of additives. For example, Heeger et al. focused on investigating the mechanism of modified morphology via introducing an additive at a low concentration, such as 1,8-dibromooctane, 1,8-dicholorooctane. [25] Chen et al. observed the effects of additives 1,8-diiodooctane (DIO) on the formed morphology by solution phase aggregates. [26] However, most additives consist of halogen atoms or sulphur atoms, which is sometimes hazardous to human health. Consequently, a new-type additive without halogen or sulphur atom is urgent required.
Through the effort of these pioneers, [25−28] two criteria for employing additives to control morphology of the blend films in polymer solar cells have been identified: the additives should have a higher boiling point than the host solvent and they are selectively dissolved in the fullerene component. For some time, efficient solar cells based on an active layer composed of a blend of P3HT:PC 61 BM have been widely studied on account of the self-assembling property of P3HT, which frequently possesses a high crystallinity to display high carrier mobility. [29−32] With this mind, we improve the photovoltaic performance of organic solar cells based on P3HT:PC 61 BM blend films by using benzyl acetate (BA) as a new additive. Compared with the traditional additives such as DIO, [26] chloronaphthalene, [33] 1,8-octanedithiol, [32, 34] BA is an organic compound without any harmful element, including halogen or sulphur atoms. Through the optimization of the additive BA, in this work, a considerable PCE of 3.85% is achieved in conventional P3HT/PC 61 BM devices, which is higher than those of the devices treated by thermal annealing.
The molecular structures of the materials used in this experiment and the schematic device structure of Glass/ITO/PEDOT:PSS/P3HT:PC 61 BM:BA/Ca/Al are shown in Fig. 1 . The ITO-coated glass used for device fabrication with a sheet resistance of 15 Ω/square was obtained from Shenzhen Display (China). The substrates were cleaned in an ultrasonic bath with detergent, ultra pure water, acetone, and isopropyl alcohol for 15 min in sequence. P3HT (purchased from Lumtec) and PC 61 BM (purchased from American Dye Sources Inc.) with 1:1 weight ratio (18 mg/mL for each) were dissolved in chlorobenzene (CB; purchased from Sigma Aldrich) and well mixed overnight. The additive BA was added into the solution of P3HT:PC 61 BM to obtain a mixture with concentrations ranging from 0 to 3.0 vol%. The procedure for the solar cell fabrication was described as follows. The ITO-coated glass substrates were dried by nitrogen, and they were then subject to an O 2 -plasma treatment for 6 min. A thin layer of PEDOT:PSS (40 nm) was obtained and this was followed by baking at 160 ∘ C for 30 min in an oven. Subsequently, an about 200-nm-thick active layer was spin coated onto the PEDOT:PSS layer. Finally, a 10-nm-thick Ca buffer layer and a 100-nm-thick Al cathode were thermally evaporated under a vacuum with a pressure of 1 × 10 −4 Pa. The thermal annealing of the sample was carried out at 160 ∘ C for 10 min. The active layer area of the device was 0.1 cm 2 and was defined by a shadow mask for all of OSCs discussed in this work. Table 1 . HSPs of P3HT, PC 61 BM, CB and BA. Here D , P and H are the HSPs, which describe three major types of interactions in common organic materials: dispersion interactions, permanent dipolepermanent dipole interactions, and hydrogen bonding interactions.
is the radius standing for the boundary of solubility. If RED is close to 0, then the solvent is a good one. In contrast, the solvent is a poor one when RED is larger than or close to 1. [28] Material/Solvent As shown in Table 1 , the boiling point of the additive BA is much higher than the host solvent CB. Yao et al. stressed that the high boiling point of the solvent additive is a crucial parameter in their proposed post-host-solvent-removal mechanism by reducing the interaction between additive molecules and the active material components.
[31] Therefore, the additive BA could enhance the phase separation and facilitate the formation of an interpenetrating network in the donor/acceptor (D/A) blend films. Meanwhile, a proper additive should be a poor solvent to P3HT. Based on the Hansen solubility parameters (HSPs) reported by Hany et al., Table 1 reveals that CB possesses a good solubility for both P3HT and PC 61 BM, and BA is a relatively poor one for P3HT with a good solubility for PC 61 BM. [28] 400 500 600 700 800 0 vices with different additive contents, the device performance is listed in Table 2 . A PCE value of 0.81% with open circuit voltage ( oc ) of 0.72 V, short circuit current ( sc ) of 2.57 mA/cm 2 and FF of 43.80% was observed in the reference device without any additives or annealing, which corresponds with the reported ones based on P3HT:PC 61 BM. [35] By adding the BA additive, the PCE was increased sharply. At a BA concentration of 2.0 vol%, the device without annealing exhibited the highest PCE of 3.85% with oc of 0.58 V, sc of 10.17 mA/cm 2 and FF of 65.22%, which was also dramatically increased compared with the annealing device without any additives. The fact that the PCE reaches to 3.85% indicates that BA is a promising new type additive that could enhance the performance of BHJ organic solar cells.
However, the oc values in the additive-processed devices were decreased compared with that of the device without any additive. Generally, oc varies linearly with the energy difference between the donor HOMO and the acceptor LUMO.
[21] The addition of BA increased the P3HT conjugation length on average and strengthened the stronger interchain-interlayer interactions due to the better crystallization. As a result, the upward-shift HOMO level of P3HT occurred. Similar phenomena were also observed in the previous studies.
[ 14, 21, 35] It is of note that the sc and FF values were increased, the relations will be discussed in more detail in the following. As shown in Fig. 2(b) . The EQE curves of the devices with different additive concentrations show a main peak at around 510 nm, corresponding to the absorption maximum of the blend films. The value of the maximum EQE for the device without additive is only 18.3%. In contrast, it increases quickly to 61.4% when adding 1.0 vol% BA. Subsequently, the highest EQE 68.7% is obtained by doubling BA content to 2.0 vol%. Obviously, the EQE profiles varying with the BA content are consistent with the changes of sc and PCE.
The absorption spectra of P3HT:PC 61 BM blend film without additive and films with different percentages of BA are shown in Fig. 3 . A main absorption peak at around 475 nm and its two shoulders are distinguishably observed for these blend films. The absorption intensity of the four blend films spincoated under the same condition at the main peak is enhanced with increasing BA contents and is much higher than that without an additive. As shown in the inset, apparently, the main absorption peaks of the films red-shift from 475 to 510 nm with increasing BA concentrations. A typical absorption peak at 510 nm with two enhanced shoulders at 560 and 610 nm is observed at 2.0 vol% BA after the absorption spectra are normalized. These red-shifted main peak and shoulders contribute to the -* transition (510 nm) and vibronic peaks (560, 610 nm), respectively, which indicate that the polymer has a strong tendency to aggregate in CB mixed with an additive. [16, 27] According to Refs. [15, 36, 37] , the optical absorption intensity of conjugated polymer increases gradually with a higher degree of polymer crystallinity and extends the conjugation length of polymer chain with increasing additives. The addition of a defined amount of additives with high boiling point to the host solvent is evaporated slowly and, hence, causes BA to stay longer in the blend film during spin-coating. This provides sufficient time for BA to interact with and then facilitate self-assembly of the P3HT. Therefore, this leads to an enhanced P3HT crystallinity. When compared to spin-coated devices without any additives, BHJ devices with additives have preferable crystallinity and better light harvesting properties over a wider spectral region. Consequently, improved photovoltaic performance with higher sc is expected to be exhibited in this device. To further verify the enhanced crystallization of P3HT in the blend films, an x-ray diffraction study is carried out on the P3HT:PC 61 BM films. Figure 4 shows the XRD plot of the P3HT:PC 61 BM films with different BA ratios. An evident peak at 2 = 5.5 ∘ with enhancing intensity is observed while the BA ratio increases from 0 to 3.0 vol%, which is assigned to the (100) lattice plane of the P3HT. [14] It is well known that the intensity of the peak at 2 = 5.5 ∘ varies with the crystallinity of the investigated samples, if the thickness and area of the films are kept 028802-3 unchanged. [38] Judging from Fig. 4 , the films with BA additive present relatively stronger peak intensity than those without an additive. It is indicated that the improved crystallinity of P3HT is due to the additive of BA, which is well consistent with the absorption spectra.
The effect of the additives on the active layer morphology was examined by the atomic force microscopy (AFM) technique in tapping mode. Figure 5 shows the AFM topographic images (4 µm × 4 µm) for the films with different ratios of BA additive. The films without an additive have a smooth surface with an rms roughness of 1.0 nm, whose sc is 2.57 mA/cm 2 . In particular, the addition of BA obviously raises the rms roughness of the films: 2.37 nm for 1.0 vol%, 7.05 nm for 2.0 vol%, and 14.0 nm for 3.0 vol%. The rough surface may be caused by the improvement of the crystallinity due to addition of BA. [16] Furthermore, the increase of rms roughness could improve the contact area between the electrode and the active layer, which would benefit the collection of charge carrier and thus increase the sc . [16] Consequently, the best overall device performance with sc of 10.17 mA/cm 2 is available after optimization with 2.0 vol% BA. However, the film processed with 3.0 vol% BA shows a much large surface roughness, which is very unfavorable against exciton dissociation causing the sc deceases to 9.57 mA/cm 2 .
[27] All of the results of the UV-vis, XRD and AFM reveal that the addition of BA is a proven and effective method to enlarge sc of BHJ devices by improving the crystallinity of the polymer and the roughness of the blend films. Apart from sc , another parameter FF also plays an important role in improving the performance of devices. Hole-only devices with the structure of Glass/ITO/PEDOT/P3HT:PC 61 BM/Au and electron-only devices with the structure of glass/ITO/ZnO/P3HT:PC 61 BM/Ca/Al were fabricated. Then, by applying the space-charge-limitedcurrent (SCLC) method, [39, 40] the mobility could be calculated from the slope of the 1/2 -curves displayed in Fig. 6 . The results shown in Table 3 demonstrate that the h of the device with 2.0 vol% BA is 1.60 × 10 −3 cm 2 ·V −1 ·s −1 , which is much higher than that without an additive owning a value of 3.26 × 10 −5 cm 2 ·V −1 ·s −1 . The lower ratio of electron to hole mobility ( e / h ) is 1.77 times, resulting in a highly balanced carrier transport. Due to the enhancement and the balance of hole-mobility and electron-mobility, which is beneficial to strengthen transport and reduce recombination for carriers, a higher FF is obtained by adding proper BA content into the blend films. In contrast, for the blend film without an additive, the unbalanced electron and hole transport ( e / h > 10), as well as the significantly reduced h , results in a low photocurrent and a lower FF. [16, 41] By using UV-vis spectra, XRD, AFM, -characteristics, etc., the intrinsic reasons and the impact of the BA additive on device performance is studied elaborately. The enhanced crystallinity of P3HT and a good carriers transport with a high balanced charge carrier mobility could contribute significantly to the 028802-4 increasing performance. On account of these favorable characteristics, a highly efficient annealing-free P3HT:PC 61 BM-based organic solar cell with the PCE of 3.85%, which is nearly fivefold of the device without additive, is obtained by incorporating the BA without halogens or sulphur atom into the blend.
